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(U) 

p m n m  (hXRVA), is nearing completion. This first phase is concerned with the 
deve?opnt of basic technology to support reactor and engine design. As part 
of this development a series 3f reactor and engine tests were made at the Nuclear 
Rocket Development station in Nevada. Attendant to  hiKh temperature operation of 
3 gas cooled reactor with unclad fuel elemnts is the release cf radioactive 
fission prehlucts. In oder to deternine the magnitude of the release of these 
fission products, a fission product diffusion program was initiated at WANL in 
1%2. 

(U) 

product diffusion program over the period September 1962 to September 1968. 
(U) 

( Ui 
Sciences Laboratory at WANL. 
fission products from various types of NERVA fuel were made as 3 functior, of 
time and temperature. 

( U) 

fission products released during the various reactor tests made by WANL at the 
Nevada Test Site. 

(U) 
in the laboratory were used as input to a c v t e r  code, FIPDIF, which was 
developed to determine the magnitude of fission product release durinc NERVA 

reactor tests. 
were used to evaluate the accuracy of the calculations. 
fission products released durinn a test were also used to modify the input to the 
code. 

( U) 
ments on fission product diffusion repoi: sd previously and provides a tabulation 

The first phase of the Nuclear Engine for Rocket Vehicle Application 

This repcrt summarizes the experimental methods utilized in the fission 

The fission product diffusion program consists of two parallel courses: 
The first of these is an experimental program conducted in the Physical 

Solid state diffusion studies on the release of 

The second course of action was the measurement of the quantity of 

Diffusion constants derived from fission product release rates obtained 

Measurements of the actual fission product release Juring tests 
The measured values of 

Thus, via an iterative process the accuracy of the predictions was improved. 
This report also suimnarizes the significant results of laboratory experi- 
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of the fission product release and source tern measurements =de on the NRX 

series of reactor tests. This information is used as a basis for calculating 
the expected release of fission products from R-series reactors which will be 
built for the pwliminary flight rating phase of the E R V A  Program. 

a 



11. FISSION PRODUCT RELEASE DURIKG SC. ..WL OPERATION 

A. Types of Fuel 

(U) The progressively iimproved performance of the SERVA reactors, startinq 
with the KIWI prototypes through the Ab, reflects the improvement in the fuel 
used in these reactors, 
reactors are discussed below in terms of the effect of these changes on fissicn 
product release. 

The changes in the fuel of the different NRX series 

1. Type I Fuel 
(C-AD) The KIWI rcactors, including the KIWI R-4, *..ere fueled with Type I fuel. 
In Type I fuel, an admixture-type fuel, uranium carbide particles, 8 to 10 
microns in diameter, are uniformly distributed throuchout a graphite matrix, 
Some limited release studies have been pcrforned") on this fuel uhicn indicate 
that the release of tission products was large, as show1 in Table I .  

w r e  not stufficier 
abandoned for use in the NRX-series reactors because of aechanical problems 
arisinc from aiipreciable hydrolysis of UC, kernels. 

2 .  Type 11 Fuels 
( G I : : ) )  

desicnated as Type I I  Fuel. 
throtyhout the graphite matrix in the form of nicrospheres, or heads, with the 
avcrazc diameter o f  100 microns. 
layer of lnminnr pyrolytic granhite was deposited in one operation. 
( ~ ~ - ~ [ ) l  
resistance covparcd w i t h  Type I 1  fuels. 
experiments had two 12.5 micron thick layers of pyrolytic grap!*ite deposited 
in two sepnratc operations with a coolinq period between operations. 
der>osition process results in 3 similar 25 micron thickness of pyrolytic 

These data 

to derive diffusion constants. The admixture-type fuel w3s 

The NRX-A2, AS, A4 and AS reactors were fueled with a bead-type fuei, 
in Type I 1  Fuel, the ICcz is uniformly dispersed 

Around the lJC2 beads, a sirqle ?L micron thick 

So called duplex fuel has been found(2) KO have supelioi UC2 migration 
The duplex fuel used in release 

This 

3 
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Eraphite surrounding the ftiel bead but exposes the UC2 to lcwer temperatures 
durinp the second coating process. 
(C-KO) 

hplex Fsel do not have any effect on the release of fission products since the 
major diffusion barrier is a 25 micron thick layer of :uinar pyrolytic graphite 
ii. eithci fuel type. 
(111 

fxssion product activity in irradiated Tyot 11 Duplex Fuel h3ve beer. carefully 
determined. ('I 
eqwtior, of the form 

The s!iZ;ht differencs in fabrication methods o f  Type XI and Qpe I1 

The differion cnaractcristics of the m j o t  contributors to the total 

The release of all nuclides by diffusion can he described by an 

where C is the fraction of a Riven riuclide retained in the fuel, t the heating 
time, ci the fraction of :hat nucliJe which Aiffused at a fast rate, characterized 
hy the rate constant Ir,, and gz the fraction which diffused at a s l w  rate, 
characterized bv the diffusion constant D2. 
rate constants is believed to follow an expressior. cc the fom: 

The temperature dependence tf tke 

uhere l)i is the diffusion rate at an absolute temperature T i  , D 
factor and E/R an activation energy. 
:li) 

for example SrS9. 
FIPIIIF Code, artificial '0-isomerc' were postulated such that the relea5e of 
Sra3 by diffusion first proceeds rapidly by releasing the 5r-0 isomer, then by 

the slob tiiffusion of Sr89. 
in a one-step process, the tern e l  exp(-l)lt) in equation (1) hecvnes zero and p2 
asstmes the via1tle 1.00. The diffusion constants measured in release eqeriments 
for selected nuclides from Type I 1  Fuel are sllmnarized in Table 11. 

is a frequency 
0 

It s:'Iould be enphasired that equation (1) refers to a given nuclide, 
In order to incorporate the two-tern rate equation (1) in the 

In cases where the release by diffusion proceeds 

5 
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3, TLpc 111 Fuels 

a. Type I11 Fuel 

(c-m) In order to predict t4e fia-&on product release durina a hypothetical 
loss-of-coolant accideat, diffusion &:a were collected on Type I1 Duplex Fuel 
which had been heated for 30 minutes at 2500 OC before irradiation, 
k a t  treatment was intended to siwl3te the thermal transient a hmVA reactor 
would undergo should a loss of coalant occur. 
to migrate resulting in a dispersion of small UC2 crystallites thmushout the 
matrix of the fuel elenent. 

The initial 

The heat treatment caused the IC2 

The fuel was @deeradd' and was desigrattd as 

lyp@ 111, 

(C-Ru) 

Type 111 Fuel was detemincd(*) as heating for 5 einutes at 2ZSO OC. 

Type I1 Fuel and lype I1 Duplex Fuel degrade under the s- editions as sham 

in Fiwre 1, 
released from 5 minutes of heatinu, 
teqnraturc curve at 2250 OC indicates the onset of degradatibx. 

( U) 
Type I11 Fuel 3re s i r i r e d  in Table 111. 

One set of conditions under which Type I1 Ouplex Fuel degraded to 
Both, 

Each pint plotted represents the fractim of total 9- activ'.; 
fht break in the fraction released versus 

Tifie Ciffusion ccnrtants reasureJ3' for selected fissioq products in 

?.. Type 11: NM: Frrel 
FIPOIF predictions based on uncoated T'y.e I 1  Duplex Fuel K ~ F C  hiRh (c-wuj 

ccqared ki th  acarured release values frm reactor tests, 
the only way by which fission products could reach the outside of an operatine 
NERVA reactor was hy dicfusion into the NM: coated coolant channels ant1 then 
being swept out of the coolant channels by the hyrlroEen flow. 
predictions, diffusion data should be used which laad been derived from fuel 
samples which had hem caanletely coated with hhC. Such samples werc prcpird 
by the vapor phase decomposition of W l s  on l/B-inch Type I I  fuel sections at 
1800 'C, 

It ras rearmed that 

Vws, for FIPbIF 

This process resulted in depositinff a one-nil layer of S X  @n thc 
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TABLE 111. Diffusion constants for selected fission products in Type I11 Fuel. 

S Abundance Represent at i ve L!R 
E lemtnt at Zero Time Nuclide (OK x 103) 

\% 

Sr 
Rb 
Y 
I;C 

Cr 
Kr - ,r 
Br 
B3 

Sb 
I 
ta 
Ce 
Tc 
Te 
Mo 
Se 
Pr 
Sn 
RU 

A!! 

10. Iff 
8. (IS 
7.71 
0.81 

5.38 

5.86 

5.f3 
5.62 

5.30 

4.72 

d.50 

1-70 
3.70 

3. SO 
2.97 
9 s t -  
- 9 - 1  

2.83 

2.37 

1.65 

1.45 
. 10 

0.03 

IDTAL -- 96.99 

** 0 

1.63 
0 

0.379 

1.63 
0 . 4 t t  

1.63 
0 

0 

1800 
0.779 

2.6? 
11 -6 
O.??3 

0 

0.0805 

0 

0 

0 

18.4 

0 

1 

0 

11.4 
0 

17.0 
11.4 

10.5 
11.4 

.B 

0 

26.2 
1- b 1  e!) 

1R.Z 
25.3 

17.0 

u 

13.1 
0 

3 

1) 

1s-2 

(1 

20.0 

* Diffusion constants for nuclides of t!,ese elements harc not been mcasurcd. 

** Values o f  zero indicate no diffusion of these elements. 

9 
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outside flats and ends of each 1/d-inch fuel section and also added one ail of 
:ibC coatin!! to the existine me mil % linings of the coolant channels. 
coating, the r y . l e s  were Jem.Jcd as described above, 
constants for UIC fission product nuclides are given in Table IV. 

After 
A s r a r y  of diffusion 

( 5 )  

3) 

TABLE IY ,  Diffusion constants for Tv~e 111 !R-C Fuel. 

srb9 1-35 x 1013 4s. 1 

4. Triplex Fuels 
(C-ilU) 

as Triplex Fuel. In this t F  of fuel the UC, kernels, w i t h  an average diameter 
of 100 ricrons, were coated with a one micron thick layer of lou density, sponcy 
Sraphite and with two lope layers of istropic pyrolytic carhan to a total coat- 
inR thickness o f  ZS aicrons, 
due to t h e N l  expansion of the U, kernel during long reactor rms, 
data were generated on five configurations of Triplex Fuel: 
(bores coated), XhC-coated Triplex, completely uncoated Triplex (bores stripped). 
NbC-%-coated Tripiex, and Degraded Triplex. 

The N R X 4 6  reactor was fueled with an iqroved headed fuel, desiwted 

Triplex Fuel was developed to reduce bead damale 
Diffusion 

Uncoated Triplex 



:. lhcoated Triplex Fucl 
(U) TI-? release of selected fission products from Uncoated Triplex Fuel u3s 
studied en !'&inch secticns of the 'as received' fuel, The diffusion conrt8nts 

dctivd from these r+Ieasc rcasunrcnts:6) are listed in Table V. 

b e t w e e n  the fission product release rropertics of T??e !I a d  Triplex Fuel is 
presented in Fitun 2. 

( 7 )  A ccrparison 

I U) 

TABLE V. S ~ r y  of diffusion constants for metallic fissim 
products f r a  uncoated Triplex Fwl. 

9.66 x If3 

0.24 

1.80 x 

I.* x 

1-30 x lo-. 

1-53 

1-12 IO-' 

2-05 

1-37 x 

(a) liand calculated from three release rate measurements. 

(1'; 

tion threshold arc siven in lahlt V I .  

hcatd for 5 ainutes as a function of texpcrature(') are shown in Fipure 3. 

Cross pama release fractions from samples used to determine the degnda- 
The gross c a m  release data for simples 

1 1  
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TABLE VI. Degradation Experiment on Triplex Fuel. 

fiae 
Yinutcs 

'PapperatUte 
OC 

Cross Gama 
Re 1 ease 

5 

5 

5 

s 

S 

5 

5 

5 

5 

10 

15 

20 

22.5 

2s 

30 

45 

2100 

2200 

225C 

2300 

2350 

2400 

2450 

2500 

2300 

2300 

2300 

2 300 

2300 

2300 

2300 

2300 

0.018 

0.033 

0.019 

(i.042 

0.104 

0,183 

0.244 

0.292 

0.042 

0,051 

0.080 

0,114 

0.091 

0.100 

0.144 

0.263 

(C-RI)) 

than the expected release fm an extrapolation o f  the lower temperature data. 
It anpears that for Triplex Fuel hcated for S minutes, a i  temperatures of 230C "C 

It m y  he seen that at 2350 OC., the Cross gamma release is much higher 

13 
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and lower, fission product release is  relative?^ slow 2nd infers that the fuel 
beads are intact. At temperatures of 2350 OC and higher, fission nrotiuct 
release is relatively fast. 
The transition region from intact to degraded fuel is between 2300 'C and 
2350 OC. 

reRion to be somewhat lower, between 2200 and 2300 OC. 

This is a characteristic o€ degraded fuel beads. 

A similar e~periment'~) on Type I 1  SERVA Fuel showed this transifion 

U) Although the fuel beads appear intact at 2300 '% when heated for 5 

minutes, it may be seen in Fiqurs 4 that degradation occurs at this temperature 
when the fuel is heated for a sufficieiit time. At some time between 25 and 30 
misutes there is an increaseu rate of gross eama release indicative of fuel 
deffradation. 

b. S%C Coated Triplcx Fuel 
To derive diffusion constants, release measurements of some fission (C-RD) 

product nuclides piere carried out on l/l-inch fuel sections whose outside flats 
and ends had been coated with a one mil thick layer of NbC; the coolant channels 
were lined with a 2 mil laver of LbC. 

release measurements(6' are summarized in Table H I .  
that the diffusion constants listed in Tahle VI1 are not necessarily to be used 
as input data to the FIPDIF Code for release wcctictions for SRX-A6 type reactors. 
The constants finally accepted for FIPDIF computations have been modified by 
postmortem release measurements on the NRS-Ab reactor and are discussed and listed 
in Section I: of tnis chapter. 

The diffusion constants derived from these 
It should be mentioned here 

c. Corr.iletely lhcoated Triplex 
The samples used for all precedinc experiments were obtained from (C-RD) 

production fuel elements which were processed completely including the SbC coat- 
inp of the channels. 
derived from experiments usicq this type of fuel. 
the effect of this channel coating on the rclcase of fission products, since 
the surface area of the channels accounts for about 52  percent of the total 

Diffusion constants desiznated "''ncoated rriplex" wcrc 
The question arose concerninc 

15 
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TASLE H I .  Summary of diffucion constants for metallic 
fission products from li’k ’oated Triplex Fuel. 

0.29 

1.94 x 

2.76 x 

1.95 x :u-* 

3.62 x 

35.5 

14.1 

33.2 

27.0 

29.3 

geometric surface area of 3 l/d-inch slice of fuel. A special fuel cleric:?: h;is 

obtained which was processed in the same manner as the other elements excc*’t for 

the f i n a l  NhC coatine o f  the cliannels. Cieht I/j-inch slices of fucl f w m  :!lis 

element and eiclht slices from a channel coated element were used ir, m es*w-iymt 

to determine the channel coatinp effect. 
controls arid the remaininq 12 were subjected to post-irradiation thcri:! 1 a!iiicals 

at 2100 OC. 
minuter and two for hn minutes. Tile smples wre heated indiviJually, not 

simultaneously. 
and after each heat treatment. 
radiochemically for Sr89, Cd1lSm, SnlZ5, and BalbO to deternine swsi f :c  1!uc1 la.!; 

release. The results obtained are summarized in Table V?II nritl ?rcsc:?tcc! 

graphically for the 60 minute heating period in Fi7urc 3 .  The lnrcc i t  v ; i r : ; i f Ion  

appeared in the gross   am ma release. 
this, however, because the composition of gross fission nrcduc: icti”it!* chnra?cs 

Two samples of eJch type  Kcre LiSCL 3 s  

Two samples of each type were heated for 15 ninutes, thli for 31) 

The gross gamma re!ease was deternrned by t!;imXI coimt icr Sthforc 

Tile sampler; were then Jirso1vcri arid Rn;!lyzcJ 

Little siqnificance should !ie i t t ; ic !w\ l  t o  
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T A R E  VIII.  Coaparison of the fractional release of selected 
f i s s i o n  prodL-ts fwm uncoated ar.4 channel-coated T r i p l e x  
Fuel at 2100 4". 

Iyuclide Frac t iona l  Release fivpc 

IS r i n  30 rin 60 r i n  - 
Sr-39 

Cd-115.1 

Fn- 125 

i k - l l d  

Cross c- 

w 187 . 276 . 552 Uncoated 

,161 .3ar, . 635 Channel Coated 

. 232 . 376 , 552 Ulco8trJ 

.m . Z l R  . sob channel Coated 

and :5(r0 "C n d u c e i  true t-ratum values of z m  OC, ~ r r ~ l  OC, X ~ W )  OC a d  

23ht C, rcspcctiwclu. 

raJiochmicalIy to  detcrainc r e l e a s e  f r a c t i o n s .  The results arc ~rrcsmrd i n  

fahle IS, rncsc values scrc comprcrl u i t h  v a l c c s  o t ta incr l  fnr  uncoltcd fuel 
and W:<oated fuel. Ir. ccncra l ,  for cortrrponding! times and t c q w r a t u r e s ,  the 

createst rclcarc came from uncoated fucl, t h e  s u I l e s t  rcleasc bas from W- 

c'oatcd t'ltcl, ard the S1.C-ztnlyMc~mn-coattri Awl \-alacs fc l  I i n  Iwtbecn. An 

cxanplc of t h i s  is c i r c n  in  B - A ~ U ~ C  f, uhic5 shows t h e  release of Ra!'3 f r a  t h e  

thrcc t g w s  of fuel. Thrz isothc-.ns for SbC-coated f:wl arc not cxactl?' the s n  

tcmcraturcs 3s thc otmrs hccause of e m i s s i v i t y  c o r r e c t i o n s ,  hut thcy arc close 

o A f t e r  hertinlz, t b c  samlcs w e r e  disso lved  and analyzed 
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enough for car-rrison. 

the results ohtaincd were probahly due to enperiaental unccrtrir.ties, 
of error could be slight cloudini of the temperature monitor sight glass dile 
beatirtg the raolybdenu-coiatcd samples. 

Since it is doubtful that molybdenu enhances diffusion, 
One source 

Another source right be the tmrrture  
correction curves used to convert ajyurcnt temperatures to actual tayperrtuxes, ( 8 )  

These correction curves had been derived f r a  emissivity measurements on W S i -  

coated samples which had been previously heated once to 2000 OC. 

(0) Although the results wre not conpletely satisfactory, it is concluded 
that a thin coatinl! of rolybdcnu has little or no effect on fission product 

re1 ease. 



(lbis pge is mclusified,) 

8,  Swmary of Reactor Runs and Release Data 

(1') 

various power levels and na tiles, 
3s an Experimental Plan, 
EP-1, Fp-I, and sametircs EP-3, e r e  criticality and calibration measurements. 
Fission product release f m r  the reactor during these NRS uas insignificant 
because activity mneration i as  small a d  operating temperatun=s wm loar. 
9urinq the later Experimental Plans, however, when activity generation was large 
and operatine tcaperaturer high, fission product release became sitpificant, and 
was measured uhenever possible, 
Table S. SXS-Al was amitted froa this tabulation hccausc it M a s  a cold flow test 
and M) activity was Qenerated, The integrated p e r  values given are tbose which 
were recorded by the power integrators at the Control Point. 
fissions was determined by rultiplying the megamatt secorlds by the conversion 
factor 3.255 x lotC fissions per megawatt second, The total intemted power 
am.! tot31 fissions for each reactor alp included in the table. 
f 1') 

for each of the five reactors by pst-operational fuel analysis, 
for these reactors have been reported previously, 

Fmm 1964 throu@ 1967, five reactors in tkc SRX series were tested at 
Each operatiar of a reactor was designated 

Tbe early Experimental Plans for each reactor, mually 

Data pertaininr to these MZ arc Riven in 

The n d e r  of 

The total release of fission product act;\-ity by diffusion was measured 
Release data 

(3,~,9-10,11) 

1 conparison of thc release of selected nuclides frtp the various XFlX 

reactors is presented in T3hle XI. 
curies 3t tiac of shutdm-n, 
release by the total amunt Eeneratcd from all Experimental Plans. 
.Jurinq the XPX-Ah test, 1.46 x fission events occurred. This nuRhcr of 
fissions potentially produces 2.966 x 10' curies o f  Sre9 a t  tern t i w .  The 

exmession potentially is used because all mass 83 atms are not Sra9 atms 
imcdiately, hut became SrB9 atoms through dccay of mass SI, chain precursors. 
post-operational fucl analvsis Rave a fractional release vaiue of ~ r * 9  of t).o?M. 

-.. i 2) 

The release activity is given in teras of 
This was calculated by nrltiolying the fractional 

For example, 
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Laboratory 

k’A!L-7?(E- 18% 

Vul t ip ly iny  t h i s  value by t h e  c u r i e s  produced gives 878 c u r i e s  G f  Sreg re leased  

from t h e  reactor by d i f fus ion .  

ca l cu la t ed  i n  t h i s  manner. 

t h e  f r a c t i o n a l  release by 3 f a c t o r  obtained f r o m  the curve Riven i n  F igure  7 

vh r re  the decay o f  eross f i s s i o n  product a c t i v i t y  is plotted as a func t ion  of 
Since  the f a c t o r s  ohtained from t h i s  curve d i f f e r  widely over  t h e  t i m e .  

r i n a e  of r e a c t o r  run tikes, a double en t ry  sas made i n  Table  XI for qross pamma 

release. 
second value given is normalized to  60 rsinutes f r o m  t?ie bepinninc of f u l l  power 
onerat ion.  

o r  to  correct for decay between runs. 

A 1 1  va lues  l i s t e d  fo r  srrecific nuc1iJes  sere 
The gross gamma values were c ~ l c u l a t e d  by a u l t i p l y i n e  

( 1 2 )  

The first va lue  Rives c u r i e s  r e l eased  a t  time of shutdoun and t h e  

Xo at tempt  tias made i n  Tahlc SI to  resolve d a t a  for m u l t i p l e  runs  



Astronucfear 
laboratory 

ViANL-Elk- 18% 

- 1 I I I I I " I  I I I I 1  1 I I I I I I  - 
L 

MINUTES '-+-e HOURS- 

TIME - t - AFTER SLOVV NEUTRON FISSION OF U235 
b 1 2753-98 

Fiqure 7. Cross f i . s s ion  product decav as a function of time. 
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C. Latest Di f fus ion  Constants  

( ( 0  
f r o m  tire .:h r e a c t o r  are subararized i n  Table  XII. Severa l  comments are i n  order 
here: 

( I J )  

Tri:>lex F i r e l .  

(1)) 

s twJ ie s  in the l abora tory  3nd from measured A 6  release f r a c t i o n s .  

( t i )  Fis s ion  products  whose c o n t r i b u t i o n  t o  t h e  total  Renerated invet l tory is 
less than f i v e  percent  o f  t h c  tomi,  such as Zn, Ga, Ge, As, 5e, R r ,  tir, h%, Tc, 
Rh, PZ, m d  In,  were assivned zero d i f f u s i o n  cons tan ts .  

made t o  measure r e l e a s e  rates of t h e  above elements  i n  tire labora tory .  The release 
rates for Zr, 'b, Ru, Ne, Te, and Cs, hoarever, had been determined and weze found 
so small t ha t  one had to  conclude that t h e s e  elements  do  not  d i f f u s e  measurably i n  

tile I S ~ ~ O  t o  2500 "C t e m w r a t u m  ranEe. 

t i )  Recause of its fast rate c i  d i f f u s i o n  i n  t h e  1800 to  ZZOO OC t empera ture  
ranbe, t?ic d i f f u s i c n  c o n s t a n t s  for Ap were de r ived  from r e l e a s e  rate measure- 

ments t n h m  a t  l?t)O, 1400, and 1600 OC. 

Je tn i l  i n  Sec t ion  A of Chapter IV.  

f 11) Tnc r c l c a s e  of mass chain  8Y is t h e  sum of t h e  ind iv idua l  release 
fractions of  Hr, Er, Rb, and Sr isotope.  Bromine and krypton were ass igned  zero 
d i f fus ion  cons t an t s  hccause of t h e i r  small c o n t r i b u t i o n  t o  t h e  total f i s s i o n  

inventory.  Rubidium was ass l and  t o  behave l i k e  cesium, i.e., i t  would no t  d i f f u s e .  

Thus, o i i l y  t h e  Sr d i f f u s i o n  cons t an t  would J e t e r n i n e  t h e  r e l e a s e  o f  t h e  89 masr 

chain.  Ilowever, under above assumptions,  t h e  p r e d i c t i o n  of  t h e  r e l e a s e  of mass 

c h a i n  !)1 has a f a c t o r  of S hipher than t h e  A 6  scas i~rcment .  To hrinc! t h e  FIPDIr 
! w J i c t i c w  morc i n  l i n e  w i t h  t h e  A 0  mnsurmnent,  i t  was ! jostulated t h a t  Rh 

I l i f f i i w i !  ; i t  n f i n i t c  rate and an a r t i f i c i a l  Rh d i f f u s i o n  cons t an t  was developed. 

The d i f f u s i o n  c o n s t a n t s  used to compute t h e  r e l e a s e  of f i s s i o n  products  

The cons tan t s  listed i n  Table  X I 1  apply to  intact, i.e., non-degraded, 

A l l  cons tan t s ,  except  t h a t  for Rb, have been de r ived  both f r o m  release 

!io a t temnt  had 3em 

These measurements arc d iscussed  i n  some 



TABLE XII. latest SbC Diffusion Constants for Triplex Fuel. 

Element 

~ ~~ 

E/R(OK x lo3) 

Rb 

Sr 

0.155 

8.00 x log2 

18.0 

22.0 

Y 1.94 io+ 13.3 

A!? 0.760 12.0 

Cd 

Sn 

Sb 

2-36 x lo’-? 

1.94 x lo-* 

7-00 x loa 

29.3 

10.4 

80.0 

I 7.00 x loa 82.0 

Xe, Te, Cs 0 0 

R3 2.13 x 17.9 

1.a ,472 23.3 

CC .472 24.5 
.___-- --A - r P P _ _ L _  
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I I I .  FISSION PRODUCT k1:Lt:XSf. I) I IRISL LOSS OF COO!.kXT T0Nl)ITIfK;s 

A. Summiry o f  Past Experiments 

t I;! 
product a c t i v i t y  hhich micht bc r r l e a s c d  under accident  cond i t ions .  I n  

event O~ :I ia5s-nf-coolant acc iden t ,  t h e  temperature o f  the f u e l  x i 1  1 risc 

heyond t h e  dec rada t ion  point .  

because t h e  p y r o l y t i c  g r z p h i t e  coa t inq  on t h e  UC, is CrrmaEed; t h i s  roa:inr 

is the major d i f f u s i o n  o a r r i e r  under normal condition;. 

temperature effects on t h e  pyrccarbon coatinr i n  Type 11  f u e l  can be seen i n  

Ficure: X and 9. 

a c t i v i t y  under t h e  loss-of-coolant cond i t ions ,  t!ie f o l  lewinp expe+inents xerc 

p e r f  onned . 

h p e r i m e n t s  have heen performed to  determine t h e  q u a n t i t y  of f:zc~nF 

Khcn t h i s  occurs ,  d i f f u s i o n  is muci~ mrc rapi; 

An example af  Lhe fi irii  

To determine t h e  d i f f u s i o n  c h a r a c t e r i s t i c s  o i  fissior! p r o d x t  

1. S inu la t ed  Loss-of4:oolant Profile 

((1-RD) 

temperatures above t h e  f u e l  dee rada t ion  th re sho ld  a-i thin seconds a f t e r  3 !O?.S- 

of-coolant accident .  
accident  and deternir ie  t h e  gross f i s s i o n  product release. 
of 19 ho le  hexagonal Type I1 f u e l  uas  used. 

t o  decay f o r  24 hours  then heated i n  a v a c u m  (lo-" torr) for one hour a t  

temperatures which va r i ed  between ?OS0 

p r o f i l e  i n  Figure 10. 

uas pred ic t ed  hy t h e  NOFLOW code f o r  a 13-minute full power ope ra t ion  foliobe: 

by l o s s  of coolant .  As a r e s u l t  of  t h i ?  nea t in?  procedure,  66.7 percent  of ?!it- 

gross gama a c t i v i t y  w3s l o s t .  A FIPDIF p r e d i c t i o n  for t h e s e  cond i t ions ,  u=iny: 

d i f f u s i o n  cons t an t s  fo r  Type I 1 1  f u e l ,  qave a release va lue  of 67.3 percent 

which a g r e d  very well u i t h  t h e  experimental  r e s u l t s .  

i m l i c a f i v e  of wnat could he r e l eased  from t h e  fuel under t h e s e  condi t ions.  

Xna ly t i c s l  s t u d : ' s  usinq t h c  NOFLOW computer p r o g r m  1'') p r e d i c t  

A n  experiment was devised t o  s imula t e  a loss-of-coolant  
A 1-1/2 inch s e c t i x  

Th i s  sample was i r r a d i a t e d ,  a l l ahcd  

0 C and 2550 OC: as shown hy t5e temperatt;rr. 

Th i s  temperature  p r o f i l e  (maximum average core t emwra tu re !  

These r e s u l t s  were 
Vowcver, 

3i  
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it does not necessarily meaa trat this quantity of activity would be released 
frar the reactor propr. 

(U) Figure 11 siravs four paths for diffusi2n of fission product activity 
through SERVA fuel. 
the f u l  remains intact. 
the pyrolytic graphite coat. 

diffusion throwh degraded fuel bhere tire major diffusion barrier nu been 
destroyed and bulh teometr?, nay become rate 1imitinR. Consequntly, althougn a 

measure of fission product loss from sull laboratory samples is a p,oorl neasurc 

of tire fission product loss f r a  the reactor p v r  for n o ~ l  operating condi- 
tions, this does not necessarily apply to the loss-of-coolant case, 
derstand release f r a  the reactor proper -der loss-uf-coolant conditions a 
series of experiments designated "hit Cells" uere conducted. 

Paths 1 and 2 pertain to no.-ul operarinll conditions uirere 
The rate liritinc step here is the diffusion th-5 

Tht diffusion paths in 3 and 4 would xqresent 

lo better 

2. b i t  Cells 

(C-RD) 

product release standpoint, experiments uere conducted using individual unit 
cell assemblies. 
NERVA fuel, a non-fueled graphite center elesent, a support plate, orifices, and 
a rodifid XERVA tie rod assembly. 
represent a unit sell of the WERVA core and thus provide identical diffusion 
path lengths for fission product release. 
cell assembly was contained in a hollw graphite cylinder, 3 inches in diameter. 
The unit cell construction is illustrated schematically in Figure 12 and 
pictorially in Figure 13. 

(W 
a feasibility study with non-irradiated fuel to test the heatin2 rates of tire 
vat- furnace to be used, and to acquaint personnel with the ccqlete experi- 
mental operation. 
due to a failure of the unit cell colponents early in the h ~ ; ~ t i ~ i ~  run. 
some modification the next three unit cell experiments ntahcrs 2, 3, and 4 ,  uerc 

in order to simulate the reactor components and gemtry from a fission 

Each mit cell cootained 4 inch long se-nts of irradiated 

The Reontry of an a s r d l y  was chosen to 

Wring the heating process the unit 

A list of unit cell components is given in Table SIII .  
A total of five unit cell experiments uere run. The first of these v35 

The first experiment using irradiated fuel was not successful 
Uith 

35 
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f u f l E l ~ f M  J 
FACE 

OlFRJSloN PATH 
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DIFfUSION HTH 

3 4 n 
Fipure 11. Fission product diffusion paths in lrC2 Fuel. 
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(This page is unclassified,) WANL-FE- 1596 

successful. 
tively, and Cell 4 was heated at 2450 OC for 30 minutes, Each mit cell uas 
analyzed radiochemically, following the thermal anneal, to determine release 
fractions of selected rreclides. The results are given in Tables XIV,  XV, and XVI. 

(U) 
and 3, both heated at 2300 OC, appears iaeeagnaous since greater release was 

obtained from the 15-minute M than the 30-minute nm. +his inconemity can be 

resolved if the experimental heating profiles given in Figure 14 arc considered, 
b i t  Cell 2 required approximately 28 minutes to reach thermal equilibrium at 
2300 OC when it w a s  held for 15 additional minutes. Since diffusion is a tire- 
tspmtaar depenesnt phenomena, fission product release uill have occurred fm 
h i t  Cell Z during the long period required to reach themal equilibriu. 
Cells 3 and 1 were heated differeatly, ?he furnace uas broueht up to temperature 
prior to the insertion of the unit cell assembly. 
reached thermal equilibriu in abut 90 s e c d s ,  me unit cell experimental 
methods and results have been discussed in considerable detail in References (4) 

anJ ( 5 ) .  

Cells 2 and 3 -re heated at 2- OC for 15 and 3r) ninutes, respec- 

Tbe relative magnitudes of fission product reiease from llnit Cells 2 

h i t  

With this nethod the sample 
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B. .omparison between Calculations and Experimental Resuits 

(W 
sections of degraded fuel, were used in the FIPOlF computer program to predict 
release fractions fraw SERVA fuel elements. For the simulated los>-cf-coolant 
profile exp@riment, the predicted Practianal release of 0.673 for gross garp~h 

activity agreed very wel-1 with the experimntal results of 0.b67. 
Typc I11 diffusion constants were used for the prediction and a single section 
of fuel 1-1/2 inches long: was used for the experiment. Although the agreement 
was wry good in this experistent, the ques? on mimined whether these data would 
be applicable to the escape of fission products from the reactor proper. 
( U) 
abowe method could not be used to predict release from the reactor proper t?scmst 

the measured release f m  the unit cells was apprecisbly smaller than the FIPUIF 
predictions using Type I I I  diffusion constants. 
predictions and results was obtained when Type III-hW: diffusion constants were 
used in the FIFDfF program. A sample o f  tnis comparison is given in Table XVII 
for Sireg and Balsa. The predicted release values were significantly 1 v . w  and 
agreed such better with the radiochemical analysis when Type III-%Z constants 
were used. This finding tends to reinforce the hypothesis that the release of 
fission products f r m  the SERVA reactor proceeds by diffusion though the !&C 

coating in the fuel element cooling channels. 
wales determined radiochemically were sti 11 lower than the predictions usinp, 
Type til-!UbC diffusion constants. Other factors such as coolant channel blockaqe 
or exchange of fission products between arliacent fuel elemevs may he responsible 
for these results. 

Diffusion constants, derived from laboratory experiments with sinal 1 

Uncoated 

The results obtained from the unit cell experimerts showed that the 

A better comparison betueen 

In peneral, howewer, the release 
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C, istest Uiffmsitm Cerrotmts 



Ib 400 15 

st’ 1-63 Xl-4 

v 1-01 x ldj 7O.b 

h 

GI 

4’ 

0 

0 

0 

400 

1 

0 

0 

0 

1s 

2tI 

sa’ 18.4 18.2 

sb .n 17 

le 649 38.7 

I 7.47 It 76.7 

u‘ 1.63 11.4 

cs’ 0-48 LU. 5 

8a’ 1- 20.2 

La 21.6 2S.O 

ce 0.78 I t  

l?tm?se coastamto are derirrd fra release m e a s m t s  on 
Type I11 #AVA fprl. see Reference 4. 



(W WMt fissitm p e t s  do not d i f h  s i g m i f i t a a t l y  Triplex -1 
at teqwtratures bel- 1800 %, I\r exceptim to t h i s  is silver d i c h  diffuses 

-10 Fapidlr tbos amy of the fissiar p d s  stdied. 
siluer 
uere perfomed at lamer t8qQmmues to Qtttrrine tk B i f f r r r i o r  characteristics 
af this nuclide, lbe diffirpiaa of this species is i-ant because it is a 

ptecraror to cabim uhich is d to determine a l i q w t  facto= of effluent 
s q ~ l e r  fmr reaet- testia(t, 

m an all  types of b l ,  ealy t k  loSt recent experiment inrolr ine .'lbc-caeted 
Triplex Fipl is described kre, 

tu) Itmtdiatai of Triplex Fuel. W-incb th i ck .  c-letely coated 
w i t h  M, were beatest at tQ.Bcratmres of 1-m Oc, 1400 OC. ami MW OC far time 
p e r i d s  of S, IS, 40 as8 60 minutes. lte release of h l l *  fror each -le uas 
deterrind by radiochemical analysis, D i f f e s i o s  constants ucn calculated for 
each of the thrce twratgset aml vcre plotted against l/T OK to  Betexmine the 
m e n 1 1  diffusioa mestant, The results of t h i s  experiaent are shown i n  Figure IS 
a i m  with a error envelope calculated at the YS v e n t  confidence limit. 

Since nearly all ef the 

released i n  tbe higher trratlaes eapriroatr, W m t e  expfmirpts 

AI- diffusioa enprimts for silver were 

Similar curves for otkr nmslides have beem repopted previously. (6) 



d 
8 

I 
I 
I 

I 

I 
8 

I 

/ 
/ 

I 
/ 

/ 
1 

/ 

50 





0 

0 
Y 
ID 
0 * 
9 

w ? 
I 
c 
4 

(Y 
m 
- n  .e *- 

0 

9 
t an 

0 m c- 

0 
643 

d 
rcI 
0 

d 

0 
Y 

0 

h 
CD u 
0 
'B 
d c 
Y 
6 e 

I 
8' 
e 

a 
8 
8 

0 
OD a e 
d 
0 
(Y 

cy 
QI 
L 

2! 

e s  

sa 



61 2753-1 

Figure 16. Fission yields of mass chains 119 and 132. 
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D. Fission Product l?elease fmm Triplex Fuel Beyond the Ikgradatioa Point 

'phrete separate experiments were performed to deterainv fissioa pmtbct 
release for the lass-of-colant situation. 
ti- type Triplex Fuel  orepg used for each eaperilaeat. 
wem subjected to past-irradiation thermal anneals and tuo were retained as 
control samples, 'vhe thermal anneals coasisted ob heatinq the samples, inrliwidually, 
at temperatures of 2300 %, 2400 OC, and 2500 "C for time perids of 5, IO. 20 

and 3u minutes. 
gamma fission p d m t  release was determined by garnrea counting the samples before 
and after each heat. The release of 
k b ~ m  ami after ea& heat, an a 512 c h n e l  gamma pay spectrameter and sbseming 
the change in the 1.60 MeV gamma peak. 
were then dissolved and analyaed radiochemically fir ~91, ~rgs .  ~1099, ~ ~ 1 0 3 ,  ~13127, 

Tela*, 1131, and Cel%l. The fractional release of eaeh nuclide was deterained by 

comparing the actiwity in the heated sample with that in the controls. The results 
of the three experiments were aweraged and are ai- in Table XX. SrsootR data was 

obtained in most cases. 
values caused a fluctuation in the final results. The release was less than 10 

percent in all cases for these nuclides. 

FOmteen, l/J-inch slices of produe- 
TMelw of these samples 

Eacb sample was heated in a flowinp helium atmosphere. The gross 

was deterplbed by counting the samples, 

Tho fuel slices, including the controls, 

The exceptions were Zr9s, lyo99, and Ru103 where lw release 
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( U) 
products during a one-hour FIBL of the R-1 reactor at f u l l  power is sumnarized i n  
Table X H .  The 
7he teaperaturn profile of the R - l  core at  fu l l  l m e r  was tzken fnw Reference 15. 
For compari?on, the  FIPDIF p d i c t i o n  for t h e  A6 reactor m is also included in  
Table X X I .  The power outppt of A 6  increased during the first ten minutes fjosa 
zero t o  full p e r  and was kept a+- t h i s  lewd for 60 minutes. Tse diffusion 

constants wed for the  FIPDIF prdictisns 09e-c t h e  same i n  both cases, i.e.? the 
9-1 fuel uas oaken to be the same as the  A6 fuel. 
(a Various safety organizations are par t inr la r ly  concerned a w u t  the re lcase 
of iodine ac t iv i t i e s  due to its biolqical  significance. A comparison between 
t h e  release of mss chains 131 to 13s from R - l  and A6 is presented in  Table X X I I .  

( b) 

t h e  Ab, it is not surprising tha t  PIPDIF predicts a higher release ob f i ss ion  
products both in terms of rider of atoms and yoreent. The conceptual d i f f i c u l t i e s  
35 t Q  t h e  exact meaning of 'RSOSS gamma' are discussed i n  Chapter VII. 

The FIPUlF prediction of the release in prcent of s@lecaed fiss'on 

prof i le  was assumed cc  be of a simple square wave shape. 

Since t:--a R - l  is designed for operation at higher core temperatures than 



91 

95 

111 

1-40 

0,056 

33-0 

0.89 

0,036 

33.7 

11s 51.6 47.7 

123 20.? 20.8 

131 

137 

14Cl 

111 

TAU+; X X I I .  Predicted idine rrd release frer kb and R-1. 

M Release A-1 Release 
SU, 1 ide hrcent Curies Percent Curies 

1-131 1-26 I.U x 103 2. I4 3.11 x 103 

I-:= 0.44 6.25 x 10' 0-67 1.21 105 

1-134 0.05 L a 3  x lUC 0-26 :.as x 10s 

Gross c- 0.8J 2.30 x 10' 1.26 2.m x 10' 

1-133 0.07 1.61 x lo3 0-38 1.15 X 10' 

1-135 0.0s 5-75 x 1.' - 0.45 4.16 x 10' 



QIrrcnt Itelease After 

Nass m a  40 Win. &mal Upera tian Lsss ef amlam 

89 2 3 2  22-3 
91 0.92 709 

9s 0. M8 00 1 

111 17.6 38.7 

1 IS a - 7  w.2 

123 1203 44.7 

1 31 1.7s 69.9 

1 37 9.09s 0.0 

1w 0.63 6.7 

141 1.01 17.3 

144 1.07 to. 2 

crooo 0.67 18.2 
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=-A4 EP-4 0.m 0 . 6  1.45 

E P 4 A  20% 1-41 7,5b 
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ust be appreciated chat these calculated gross gamma source tern predictions 
w i l l  not exactly correspond t o  t h e  measused gross g m  ac t iv i ty  a t  any time 
a f t e r  =actor shutdam, 

(v) 

a cqmter emk called PIPDIF. FIPDIF is a pmgram nittea io F o a m  I V  for 
the ealtulatian ef the fissiea prodrrt release and the f ios i so  padmet iPrePtory 
Fersiaing i n  a -ti oectiua XERVA reactor core, 
UIOQ t o  simmlate a =tor strartup-run-shrrtdmm profile ceruristing of as lrray as 
forty tire i n t e r n i s .  'Iheoe time in te rva ls  may be of any desired leagth. Dgpiqg 

ea& time interval,  a ~ W U P  lerel a d  temperatme is specified for eaeb e o ~ 8  
oecticm. As mmy as sixteem eore actitus ray be esed. A t  the ccmclasioe of asy 
or all of the spesifid time intervals, the follariag data m y  be printed out: 

(u) a. l b  remahi- fissioa pPaduct inwentory in euch section W o r  
the total core iprantealr of each isotope. 
(U) 

sectian and/or tbs total curies of ea& UT al l  isotw which hue diffirpee fmm 
the corrt. 

(u) 

Fer all  of tkse predicted soupce terms t k  caleulatioas are matte w i t h  

In its poasaat h a m  it am be 

b. 'fBe curies of each or all isotopes which hare difhsed fra Qaeb 

A -re amplete desc r i tp im of this 008e is giwen in Refgresee 17, 
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A. Bead OaPurge Studies 

( U) 

irradiated NERWA fuel sections was found t o  foilow a two-term rate equation of 
the forei 

The isothermal release by diffusion of most fission products from 

wbetg f is the fraction of fission products retained, t the heating tiare, 01, 

% a n  diffusion cmstants, and 81, g2 are weighting factors defined as Igi = 1.00. 

T ~ c .  .WQ terms in equation (33, deserkbing diffusion through t\ro different barriers, 
lif.er vastly i n  magnitude. 'the c d i m !  effects of the procarbon ccsting around 
the beads and the #M: coating of the coolant channels is believed to bc accounted 
for by the term ga exp(-D2t), the slowly diffusing fraction. 
g1 exp(-Dlt), is beliewed to describe diffusion through the graphite matrix. 
(C-RD) 
various degrces suggested that the 'fast' term in equation (3) illdeed is related 
t o  the magnitude of exposed, i.e., hydrolyzable, llC2 surfaces. Thus, the 'fast' 
term describes diffusion of Xe133 through UC2 and ewaporation from an open UC2 
surface. 
under standardized experimental and counting conditions has been directly related 
to the amount, in mhlXigrams, of hydrolyzable UC2 in a 8iw:n fuel section. 
Because of the wide appiicability of thi . .  method, the standard experirsent condi- 
tions are summarized below: 

The 'fsst' term, 

Recent sreasutements of the Xe1a3 release f m  fuel beads, crushed in 

In fact, the mount of X@133 released, in terms of c-ts per minute, 

a. A l/cl-indr section of fuel is irradiatcd to -3 k#-hQurS which 
corresponds t o  appmrimately 2 x 1013 fissions. 

measured with an ionization chamber. 
b. The exact number of fissions which hime occurred in the sample is 
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WANL-TME- 18% 

C .  The sample is heated to  20W 'C for 30 minutes w i t h  a 45 to SU 

ti. TIW refeased X ~ Z S ~  is adsorbed QR 2-3 grams of activated 6-15 mesit 
second heat-up time, the ti* required t o  reach 2000 'C. 

charcoal at liquid nitragen temperature i n  special U-sha~ed tubes, 

the i r radiat ion as possible. 
e. The heating must t tbe  place as closely to  4.0 days *t:er -he end of 

Each X d S 3  sample is count& at least three times on a 3'' x 3" Sal f. 
(TI) gamsaa detector in a special holder I O  c i ~  fm the crystal face. 
count rate i s  that of the 81 keW gamma say of 5.3-day Xe133 with natural  back- 
gmmd and Cbmpton contribution subtracted. 

s q l o  and to  140.0 b u r s  after the end of the  irradiation. 

( C - W  
uranium As not a s t ra ight  line. me xst133 measvxvai has ttm sources of orizibi: 
(a) release from broken OF damaged beads, and (b) release by difhrsion 9-a 

in tac t  beads. The ratio of t h e  a ~ ~ n t s  of 
for different sample sites, .Mathematical treatment of t h e  input data t o  s t ra ighten 
the cal ibrat ion curve results i n  greater *ncertainties, 
above raethd has a louer l i m i t  of detection of about one ~ J i l l i R r a E I  of umic~i),  
SufficieTtly low for the detection of exposed u r a n i n  i n  a production fwl 
t?lWMPt 

The net  

R. The counting data is nomali?eJ t o  3.275 LL loL3 f iss ions per 

As expected, t he  carve re la t ing  Xe1j3 come rate w i t h  %ydrolyrablel 

fmom each source is not constant 

In its present fora, t h e  
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mis page is rwlasrifid,) 

1. 

(W fa ordtr to h i b e  am analyt ic  expmssiaa relathg a WUIIPOQ q r u t i t y ,  
the fractiarul atleast of 3 Grsiee p m h t  with t t c  qwntaty of htcnrt, the 

ful  tllcqcrature at 'paL' poser opefati-, the follQariq cerditions should be 

szt is f id: 

lttlrtioo, ktvcta F r a c t i o u l  Release rd leqcrotw 

a. Tht indicator prriw r..A;.ld be a $?a OP mediu fast diffiacr. 
b. Uial temperature and power prof i les  riwrrrid be of t8e sme shqn 

itelease rates of the isdicator p\wlide varies b r a  Iacatioa to  
twrpkre i n  the cote. 

c. 

location within the core or ly  because tbe cere t-rakrros vary; i,c,, release 
bv corrosion is ~xclu led .  

d,  The temperat- dcpcadsaee of the release rate of the iadicatot 
nuclide is given hy an Arritecius-rype quat iem of the ham W =  Ro (exp-C/T), 

--rare Ro is a frequercy factor a d  L an act ivat ion energy bcrii of wnrcir iravr. 

heen Jctcmined in laboratory trperimmto. 
The .atio of tke CractLscrol releases (f) at the teapcratures Tl C .  

.!u i_ ~ . o t z l d  bc eqiai to  the rat.0 of  t n c  amounts ( '3  released a t  t irc  sacw 

tm;wraturcs, cr 



bquetioa (S) them is Iwrittom 8- o r + e t i u t 4  7, - 1 1  AT as 

2. Calcul8tioa of Teqmera?ures fnm hasure$ Release b t e s  
tu) 
tte A 6  com, release -ts of tlre 1- ~ a l 2 m  iaotrpe rn sectieas of 
element 1DlG of tk 116 care tahem at different core statians ame d e d  out. 
TIU nuclide S R ” ~  was chor~a as ipdicutar e l i d e  ktaape af its canvtniently 
lome half-1, - and particularly baerrae of t k  fact that the precwsa~ af Slr in 
tk 123 mass chain &.e very s l m t  blf  l i e  sa t&at Sorzr is in fact *le 

di f fus inn  species. lbe fracticmat releases of Salzr f k a  SeetierU of hrsl 
eleaent ;UlC as a -tian of are station aae sumarized in Table XXVIL- 

To Qtttrriae the c q a b i l i t y  of -ti- (6) t o  predict twpemtures in  
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(TUs page is ame&ssiftel.) 

a. enthalpy of vapritation at the boilinfi point, 

C. vapor pressure at the boiling point, 
d. boiling point. 

b o  *apor PSS- at aooQ OC, 
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F = (14) (fc + fs) * K(fR + fS, Q(fR1 * $I), (7)  

where F is the facti- wlease, It the fractioa of braken beads, fc the fwctiaaal 
release rate by diffusion t h m  tJte pIrolcarboa coating of the beads, fs the 
fractional release tate by sublimatiee fro0 the sur€ace Ob the Beads, fR, fi, the 
fractional release rates far free Us, surfaces by recoil and by diffusion, 
respectively, fR', fo' the fraetioaal release rates due to l lnailslr contamination 
in the pyrocarbon coating by recoil and by difbioa, respectively, and 0 the 
a0-t of uranica, coatamination in the pymcariDasr s0atib.R. 
( U) 

frol rclerse rate measurements was based OR the assueption 
Thus far, the dgriwatioa of a diffusion constant far a specific wcliae 
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lhe tern Q(fal fD1) is quatiom (?) is very small because Q uas deterriP+Q to 
be very small. This term cam be neglected. l lw tem K(fR + fd uas force to be 
of the order of S pencat ot less af the total release far l/4-iaeD fat1 sections. 
Since the ratio of the n t r k r  of bto&ea beads versus plhrr ef intwt bads is 
appreciably smaller far a fbll length fuel e l m t  than fer a ll4-incb section, 
the seam4 tern can also In neglected in FIPDIF calcelatiams. llberr exmsidemtiaos 
are the justification € 6 ~  using amly 'slad diffusior ogutlmts u iqmtt  data 
for the FIPDIF cod+. The Qeod 4-t betweefa FIPUIF pxedietioes raQ tbe l~aslrrad 

release of wt mass rh*iPa during the rariens tS4X reacter m a s  COQfims the 
appteacb for &rit ng diffusiee scmstants as basically eoppQct. Aeetl#ct iqlica- 

tian of these casitkrations it that the mawitate of fs e q m m d  to fc mt be 

smU. Thus, equation (8) is a mmsoaable and usefel simplification of 
equation (7).  
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(C-RD) Items a, c, aad ti are e-ted to ineyease tbe effective disbirsiea 
Barrier fer fissioa products; their release Qror R - t p  reastors at A6 core 
tempemtwes rPSt pmbably w i l l  be lewer -red w i t h  t8s release fpom the A6 

reactor, Houever, the hig-her operating temperature for uhich the R-type reactors 
are desi@ ray more than offset tire retasding efkco of higher dif€usioa 
Barriers oa t k  fissioa product release. 
(C-RD) 
release, since the s p g y  graphite later nearest to tbe UC2 core is intended t o  

eltgarrsim coefficients of pyroca-'.m am! UC2 kernel. Although it is conceiwable 
that the spaagy graphite i- - .  1 act as a true sponpe by 'soa%ing up' fissioa 
products d thus i n  effect increase the effective dibfbsion barrier somewhat 

amre, the existence of such an effect would be rather difficult to verify 
experimentally. 

Iter b may or m y  not bawe any effect on the actual fission paoJuct 

PmVeIlt cracbkaff O f  the W F O H t e  layen Qf the ked h to d i f f g m t  thgrsaal 
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